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Abstract 
Gonads are very peculiar organs given their bi-potential competence. Indeed, early 
differentiating genital ridges evolve into either of two very distinct organs that are 
testis and ovary. Accumulating evidence now demonstrate that both genetic 
pathways must repress the other in order to differentiate properly, meaning that if this 
repression is disrupted or attenuated, the other pathway may completely or partially 
be expressed leading to disorders of sex development. Among these disorders are 
the cases of XY male-to-female and XX female-to-male sex reversals as well as true 
hermaphrodites, in which there is a discrepancy between the chromosomal and 
gonadal sexes. Here, we review known cases of XY and XX sex reversals described 
in mammals, focusing mostly on domestic animals where sex reversal pathologies 
occur and wild species in which deviations from the usual XX/XY system have been 
documented. 
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1 - Introduction 
In mammals, sexual development begins at fertilization when an X- or a Y-bearing 
sperm fertilizes an ovum carrying an X chromosome to produce respectively a 
genetically XX female or XY male zygote. This crucial step will influence the fate of 
the future gonad into an ovary or a testis for XX or XY embryos respectively. In 
therian mammals (marsupials and placentals), testis differentiation is activated by a 
genetic factor, called the Testis Determining Factor (TDF), and identified more than 
20 years ago as the SRY gene (Sex-determining Region of Y), a gene carried by the 
Y chromosome [Sinclair et al., 1990; Foster et al., 1992]. SRY triggers a cascade of 
molecular events, the SOX9 pathway, inducing the undifferentiated uro-genital ridge, 
a gonadal primordium characterizing all embryos, to differentiate into testis [Sekido 
and Lovell-Badge, 2008; Lavery et al., 2011; Vidal et al., 2001]. Subsequently, the 
hormonal products of specific testicular cells, i.e. AMH (Anti-Müllerian Hormone) 
produced by Sertoli cells and androgens by Leydig cells, lead the male phenotype 
development of the embryo. In XX individuals where SRY is not present, a specific 
female molecular cascade, the β-catenin pathway, directs ovarian development thus 
ensuring a female phenotype differentiation (for review [Wilhelm et al., 2007]).  
To summarize, mammalian sexual development is therefore dependent on a three-
step process: (i) the sex chromosome complement at fertilization; (ii) gonad 
differentiation into testis or ovary in accordance with the chromosomal sex and 
especially with SRY; and (iii) differentiation of sex-specific phenotypic features 
including external and internal genitalia in accordance with the gonadal sex. This 
schematic view is highly challenged today by accumulating evidence showing that 
some sex-specific phenotypic features could be directly under the control of the sex 
chromosome content (for review and an example see [Arnold et al., 2013; Renfree et 
al., 2014]). Nevertheless, at any of the three steps of sexual development, the 
process can go awry, leading to disorders of sex development (DSD), a generic 
definition encompassing any problem noted at birth when the genitalia are atypical in 
relation to the chromosomes or gonads [Hughes, 2008]. Sex reversal pathologies are 
included in DSDs, and here, we will restrict this review to the true "sex reversals", i.e., 
involving a discrepancy between the chromosomal sex (XY or XX) and the gonadal 
sex (testis or ovary), and thus the phenotypic sex (male or female). Hence, sex 
reversals hereafter include XY females and XX males, as well as 
intersex/hermaphroditic cases that may be observed in both categories. 
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Since the discovery of the Sry gene in the early 90’s, considerable progress has been 
made in our understanding of gonad development in mammals (reviewed in [Brennan 
and Capel, 2004; Wainwright & Wilhelm, 2010; Quinn and Koopman, 2012]). Most of 
the major advances in the field (e.g. identification of SRY, SOX9, WT1, MAP3K1, 
RSPO1) have stemmed from the analysis of sex reversed human patients or 
genetically manipulated laboratory mice. Most often, genes were identified in human 
patients and their involvement in the sex determining gene cascade were afterwards 
validated in the mouse model where knock-out/knock-in strategies can be performed 
(with ease) [Warr & Greenfield, 2012]. However, even if many genes involved in 
gonad differentiation have been discovered, many sex reversal cases in humans and 
also in other mammals, remain unexplained. This suggests that (i) other genes 
involved in sex differentiation pathways are yet waiting to be found; (ii) some cases 
are due to complex regulatory mutations difficult to identify; or (iii) single SNPs 
changing only one amino-acid, that while now easier to detect by exome sequencing 
remain difficult to validate by functional studies. 
We will review most of known cases of XY and XX sex reversal in a large diversity of 
placental mammals excluding the human species, as this themed issue includes an 
article from McElreavey's lab dealing with sex reversal in humans. We will show that 
other mammalian models (mostly domestic animals where sex reversal occurs), or 
even non-model mammals (wild species that present rare cases of deviation from the 
usual XX/XY system) provide invaluable opportunities to unravel new gene 
interactions involved in the initiation of gonadal development. 
 
 
2 - XY sex reversal in domestic species 
As presented below, XY sex reversal condition has been described in numerous 
mammalian species leading, as in humans, to a great phenotypic variability. The 
genetic characterization of this condition had considerably evolved with the discovery 
of the testis-determining factor SRY in 1990 [Sinclair et al., 1990], thus permitting to 
distinguish two categories (i) XY SRY-defective females and (ii) XY females 
harboring a normal SRY allele. 
 
 2.1 - XY sex reversal in cattle 
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Probably the first case of XY sex reversal was reported in cattle (Bos taurus) in the 
mid-1960s [Henricson and Akesson, 1967]. The authors described two heifers 
(Swedish Red and White breed) with an XY sex chromosome constitution in blood 
cells, skin, and lung-derived fibroblasts. In cattle, the analysis of chromosomes in 
tissues other than blood is a priority in order to exclude XX/XY chimeric condition that 
represents the most common sex chromosome aberration, and leads to abnormal 
sexual development [Padula, 2005; Peretti et al., 2008; Ducos et al., 2008; 
Villagomez et al., 2009; Favetta et al., 2012] (XX/XY chimerism in cattle is mainly a 
consequence of chorionic fusion and placental vascular anastomoses between two 
twins of different sex; a phenomenon known as freemartinism). The heifers had 
hypoplastic-dysplastic and dysgenetic left and right ovaries with abnormal follicle 
development, and were classified as gonadal dysgenesis. Another case was reported 
about 10 years later: a female with no estrus and an XY karyotype in blood cells. 
However, the search for sex chromatin in cells from other tissues was ineffective. The 
left gonad was quite normal with primary and secondary follicles, and undifferentiated 
germ cells, but no oocytes; the right gonad was absent. Therefore, the case was 
classified as partially hypoplastic [Chapman et al., 1978]. Partially hypoplastic gonads 
are not uncommon in cattle. When only one gonad is present, it is the left one in 97% 
of cases [Roberts, 1971; Settergreen, 1964]. Subsequently, several cases were 
reported: a female with no estrus, pure XY sex chromosome constitution, and streak 
gonads [Sharma et al., 1980], an XY female with hypoplastic ovaries [MacMillan et 
al., 1984], plus two other reports from congress abstracts with unfortunately no 
further descriptions [Gustavsson et al., 1981; Eldridge et al., 1984]. In 1989, 
Murakami and colleagues reported the analysis of 18 sterile females, and one of 
these was described with a pure XY chromosome constitution, while from the 
anatomical point of view, the ovaries, uterus, and vagina were present [Murakami et 
al., 1989]. Nevertheless, this female showed a feeble estrus. This situation is fairly 
common in XY cattle and represents an exception with respect to other animals 
where two X chromosomes are usually required to promote ovarian development. 
Subsequently, following the discovery of SRY as being TDF [Sinclair et al., 1990], 
five XY females were reported. The first one possessed bilateral streak gonads 
associated with a normal female genital development. The molecular genetic analysis 
revealed an XY constitution and the presence of the Amgy and Zfy genes [Kondoh et 
al., 1992]. These two genes are closely linked to SRY in humans. The authors failed 
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to identify the SRY gene probably because they used PCR primers designed for the 
human SRY gene; since the cattle SRY gene sequence was still unknown at that 
time. The second one was a phenotypic XY female with both hypoplastic gonads: the 
right one resembled an ovary and the left one an undeveloped testis [Hare et al., 
1994]. In this subject, testosterone levels remained low even after stimulation. The 
last three cases were first reported in 1996 and concerned females in appearance, 
but sterile with no estrus [Kawakura et al., 1996]. The availability of the cattle SRY 
locus allowed the characterization of these females as SRY-negative despite the 
presence of an XY chromosome constitution. A more accurate characterization of 
these three subjects was reported a year later [Kawakura et al., 1997]. By using two 
FISH probes, BC1.2 and btDZY-3 that localized respectively to the telomeric region 
[Cotinot et al., 1991] and to the centromeric region of the short arm of the Y cattle 
chromosome [Perret et al., 1990], the authors showed that this Y chromosome was 
represented by an Yp isochromosome. This condition excludes the presence of SRY, 
which is localized on Yq12.3 in cattle [Xiao et al., 1995; Di Meo et al., 2005]. 
Noteworthy, other studies reported the characterization of “XY females” [Nes, 1966; 
Sysa et al., 1974; Balakrishnan et al. 1979; Long and David, 1981; Peter et al., 
1993], but they are excluded from this review as they could not be properly defined 
as XY females with gonadal dysgenesis, and may instead refer to other syndromes, 
such as PMDS (Persistent Müllerian Ducts Syndrome), AR mutation (Androgen 
Receptor) and XX/XY freemartinism, the most common chromosomal abnormality in 
cattle. 
 
 2.2 - XY sex reversal in horses 
XY sex reversal in horses appears in a higher frequency than in any other domestic 
mammals, with an occurrence of 12–30% of the specimens harboring cytogenetic 
abnormalities [Bowling et al., 1987; Power and Leadon, 1990]. The first report was 
published 40 years ago with an XY mare associated with rudimental gonads 
[Chandley et al., 1975]. Two years later, the analysis of 12 phenotypic normal mares 
with reproductive failure allowed the identification of one animal with a 64,XY 
karyotype and small ovaries [Hughes and Trommershausen-Smith, 1977]. In 1980, 
the first molecular analysis of an XY mare with gonadal dysgenesis, showed that it 
retained the H-Y+ phenotype [Sharp et al., 1980]. Interestingly, this sex reversed 
female gave birth to a normal XX daughter. This is not surprising in horses as sex 
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reversed females may present very different phenotypes: fertile with ovaries, sterile 
with ovaries, or hermaphrodite with ovotestes. The great majority of XY mares 
involves sporadic cases, but at least one familial case was described [Kent et al., 
1986]. Before the identification of the SRY gene, there were four other reports of XY 
sex reversal in horses [Power, 1986; Long, 1988; Kent et al., 1988a; Kent et al., 
1988b]; notably, on basis of the observation of 38 XY mares, Kent and collaborators 
proposed a classification of gonadal dysgenetic mares in four groups according to 
the gonad anatomy, the H-Y antigen reaction, and the level of testosterone, [Kent et 
al., 1988a, 1988b]. Then, the discovery of SRY allowed to investigate these cases in 
more detail. A pioneering work described the deletion of this gene in an XY mare with 
non-functional ovaries [Pailhoux et al., 1995]; this was followed by many other 
studies that considered several Y-linked and X-linked loci (SRY, AMEL-X/Y, ZFX/Y) 
[Abe et al., 1999; Makinen et al., 1999; Makinen et al., 2001; Bugno et al., 2003; 
Raudsepp et al., 2010; Villagomez et al., 2011; Anaya et al., 2014; Pieńkowska-
Schelling et al., 2014]. All these studies detected SRY deletions, most of them 
consisting in a ~21 kb deletion on the Y chromosome [Raudsepp et al., 2010]. The 
high frequency of this deletion, the fact that SRY is not located in the vicinity of the 
pseudo-autosomal boundary in horses (contrary to human SRY) and that an XX sex 
reversed SRY-positive stallion has never been described, argued against an XY 
chromosomal interchange during paternal meiosis as proposed [Fergusson-Smith, 
1966] and then demonstrated [Sinclair et al., 1990] in humans. Accordingly, 
Raudsepp and colleagues hypothesized that the prevalence of deletions involving 
SRY was related to the intrinsic organization of the horse Y chromosome, i.e., with 
palindromic structures [Rozen et al., 2003] surrounding SRY that facilitate deletions 
[Raudsepp et al., 2010]. However, among the XY sex reversed horses, a few are 
SRY-positive, and when sequenced, the SRY open-reading frame was intact 
[Raudsepp et al., 2010]. The associated phenotypes seem to be more variable in this 
condition than in the XY SRY-negative ones, suggesting yet unknown causative 
mutations on different genes involved in primary sex-determination (as in humans). 
 
 2.3 - XY sex reversal in River buffalo 
More recently, two cases of XY females in the river buffalo Bubalus bubalis were 
reported [Iannuzzi et al., 2001]. The first subject was a five-year-old female with 
severe reproductive problems that were diagnosed as slight hypoplasia of derivative 
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Müllerian ducts and very small gonads with ovarian structures by subsequent 
anatomical observations. Blood cells showed an XY sex-chromosome complement 
[Parma et al., 2004], and further investigations revealed the presence of an intact 
SRY gene (our unpublished data). A few years later, the same research group 
reported a second case, an XY three-year-old female, with this time no internal 
reproductive organs [Iannuzzi et al., 2004]. The presence of the SRY locus was 
confirmed by FISH and the authors hypothesized that a SRY mutation was 
responsible for the clinical features. However, this hypothesis was subsequently 
rejected, when they found that the open-reading frame of SRY was identical to the 
wild-type allele (i.e. without any mutation) [Di Meo et al., 2008]. 
 
 2.4 - XY sex reversal in dogs 
While XX sex reversal occurs regularly in dogs (see detailed section in this review, 
below), at least two cases of XY sex reversal have also been reported: a dog 
characterized by the presence of an ovary with atretic follicles devoid of oocytes and 
a hyperplastic testis with Sertoli cell tumor [Chaffaux and Cribiu, 1991]; and more 
recently, a gray wolf with bilateral ovotestes [Kang et al., 2012]. Interestingly, the 
latter originated from a cloning strategy [Oh et al., 2008]. 
 
 2.5 - XY sex reversal in other species 
Single cases of XY sex reversal have been anecdotally reported in other species: a 
sterile ewe with streak gonads, and a cat with two ovotestes as well as derivatives of 
Müllerian and Wolffian ducts. In both cases, the Sry gene was present and the 
sequences were normal [Ferrer et al., 2009; Schlafer et al., 2011]. 
 
 
3 - XY sex reversal in mammals following evolution of unusual sex 
determination systems 
In mammals, the XX/XY system is the norm, but despite the apparent stability of this 
system, a handful number of species (all rodents) harbour unusual sex determination 
systems that have evolved through millions years of natural selection (Table 1; 
[reviewed in Fredga, 1994; Jimenez et al., 2013]). For instance, at the opposite of the 
sporadic pathological cases associated to gonadal malformation or dysfunction 
described above, XY sex reversal naturally occurs independently in at least four 
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mammalian species without affecting fertility. These concern the wood lemming 
Myopus schisticolor (the first species to be described with such a system) [Fredga et 
al., 1976, Fredga, 1988, 1994], the arctic lemming Dicrostonyx torquatus [Gileva, 
1987, Fredga, 1988, 1994], several species of South American field mice Akodon 
[Bianchi, 2002; Ortiz et al., 2009], and the African pygmy mouse Mus minutoides 
[Veyrunes et al., 2010]. A fifth species has been described, the Cabrera’s vole 
Microtus cabrerae, with four fertile XY females found in a population [Burgos et al. 
1988]. However, despite extensive search no new sex reversed females have been 
identified since then, suggesting that the mutation converting XY individuals into 
females has been lost. In addition, Microtus cabrerae is the only known mammalian 
species to have presumably non-functional copies of Sry on the X chromosome 
[Bullejos et al. 1997]. The prevalence of fully fertile XY females is very high, from 10 
up to 75%, depending on the species and populations [e.g. Bianchi, 2002; Veyrunes 
et al., 2010, 2013]. Histological and molecular analyses revealed that XY ovaries 
display a typical ovarian structure, with no sign of any testicular organization, 
confirming a complete sex reversed phenotype in these species [Rahmoun et al., 
2014]. However, it is noteworthy that in Myopus schisticolor XY females have smaller 
ovaries with less oocytes and follicles than XX females [Fredga et al., 2000], whereas 
in Mus minutoides, it is the contrary, the ovarian volume of XY females is larger, with 
more follicles compared to XX [Rahmoun et al., 2014]. 
In fact, the sex determination systems of the four taxa are relatively similar since the 
sex reversal is caused independently by the presence of a third sex chromosome: a 
variant of X, named X*, that blocks the male program initiated by the Y chromosome. 
This occurs even in Akodon where the sex reversal mutation was previously 
misinterpreted to be on the Y chromosome, but see [Ortiz et al., 2009]. The Y 
chromosome of all these females is normal and contains the Sry gene. So while 
males are XY, there are three types of females with different sex chromosome 
complements: XX, XX* and X*Y. Chromosome banding and FISH techniques 
revealed that the X and the X* chromosomes can be cytogenetically distinguished in 
all four species except Dicrostonyx torquatus [Herbst et al., 1978; Liu et al., 1998; 
Ortiz et al., 2009; Veyrunes et al., 2010]. These sex determination systems can be 
characterized as polygenic [Moore and Roberts, 2013]: two sex determining genes 
segregate in the populations: the regular mammalian male determiner Sry on the Y 
chromosome, and a still unknown dominant female determiner on the X*. The genetic 
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bases of the sex reversal may therefore involve mutations on the same X-linked 
gene(s) in the four lineages independently. 
In Myopus schisticolor, the X* is characterized by an inversion in the short arm and a 
deletion of about 1Mb in the Xp21-23 region that was demonstrated to contain the Cct7 
gene, a member of the chaperonin gene family assisting protein folding in the cytosol 
of eukaryotes and mainly expressed in testis, making it a potential candidate for the 
sex reversal mutation [Liu et al., 2001]. However, recent studies weakened this 
finding, since they uncovered an intense duplication activity of this gene in 
vertebrates; notably the mouse Cct7 homologue is located on chromosome 6 with 
pseudogene sequences on the X [Mukherjee et al., 2010]. In Mus minutoides, the 
expression of key sex-specific genes (Foxl2, Sox9, Wnt4 and Dmrt1) was 
investigated in adult gonads and did not reveal any unusual pattern; in addition, the 
X-linked gene Dax1, that has been described as inducing XY sex reversal when 
duplicated in humans [Bardoni et al., 1994; Swain et al., 1996], showed no sign of 
change in either copy number or expression [Rahmoun et al., 2014]. These first 
results stress the serious need for further molecular analyses to identify the 
mutation(s) in these non-model mammals, and notably at the embryonic stages when 
gonads start to differentiate. 
In mammals, most XY females are sterile or have very poor fertility. They generally 
suffer from the lack of an X chromosome meiotic partner and the presence of a Y 
chromosome. This leads to meiotic disruption or arrest, decreased oocyte survival, 
poor preimplantation rates, increased embryonic loss [Villemure et al., 2007; Alton et 
al., 2008; Xu et al., 2012], and for those that manage to go beyond meiosis, fertility is 
still greatly reduced as 25% of embryos produced (YY) are non-viable. Clearly, the 
X*Y females of the four taxa manage to bypass the meiotic constraints somehow, but 
they are still expected to face the high reproductive cost of the YY embryo loss. In 
this sense, the long-term evolution of such systems may appear as a paradox, unless 
mechanisms compensating for the cost have evolved in these lineages. They actually 
did, and unexpectedly, in a very diverse way according to the different species. In 
Myopus schisticolor, a unique mechanism of meiotic double disjunction occurs in X*Y 
females, in which the Y chromosome is eliminated from the germ line and only X*-
carrying ovocytes are formed, producing only XX* and X*Y daughters, thus 
preventing the formation of YY embryos [Fredga, 1983]. In Dicrostonyx torquatus, 
X*Y females have a greater ovulation rate compared to XX [Fredga, 1994]. In 
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Akodon azarae, X*Y females have both a longer reproductive lifespan and a higher 
rate of preimplantation embryonic development [Espinosa and Vitullo, 2001]. Finally, 
in Mus minutoides, X*Y females show enhanced reproductive performance compared 
to XX and XX* females, resulting from a higher probability of breeding, an earlier first 
litter, a larger litter size, and a greater ovulation rate [Saunders et al., 2014]. In 
addition, in the latter species, it has been shown that the sex chromosome 
complement may directly influence some behavioral traits, independently of the 
gonads and their hormones. Hence, X*Y females are much more aggressive than the 
other females, and show masculinized behaviors related to anxiety and exploratory 
activity [Saunders et al., 2016]. 
 
 
4 - XX sex reversal in domestic species 
Following a general view, XX sex reversal results from the development of testicular 
tissue in a genetically programmed XX female individual. From a genetics point of 
view, this condition could result either from gain-of-function (GoF) mutations leading 
to the up-regulation of a crucial male gonadal-differentiating gene, or from loss-of-
function (LoF) mutations of key female genes. Whatever the genetics cause of XX 
sex reversal in mammals (GoF or LoF), the resulting adult is an infertile male 
because XX testes in domestic mammals are always devoided of germ cells. In all 
studied species, XX males appear more or less masculinized, depending on the 
proportion of testicular versus ovarian tissue development. The gonadal phenotypes 
thus vary from slightly masculinized with an ovo-testis on one side and an ovary on 
the other (classified as XX true hermaphrodites) to fully masculinized animal with two 
descended testes and a male appearance (XX males without ambiguities of the 
genitalia) with many intermediate phenotypes such as animals with only testes-like 
gonads most often abdominal and hypoplasic (XX males with ambiguous external 
and internal genitalia). As presented below, XX sex reversal is regularly encountered 
in different mammalian species in addition to humans. The phenotypes are highly 
variable and the genetics causes heterogeneous. 
 
 4.1 - XX sex reversal in dogs 
The XX SRY-negative sex reversal condition is frequently observed in dogs which 
represent a very useful animal model to identify the causes that induce the 
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undifferentiated gonad to develop into testicular tissue without the crucial action of 
SRY. The first review about intersexuality in dogs, in which 45 different cases were 
reported, appeared in 1976 [Hare, 1976]. Out of the 45, six harbored an XX 
chromosomal content (established with different techniques) with left and right 
abdominal testes. Previously, another XX pug with abdominal ovotestes had been 
reported [Stewart et al., 1972]. All these subjects belonged to different breeds and 
represented sporadic cases. The first familial case was reported three years later 
[Williamson, 1979]. It was a Kerry Blue Terrier family where some males presented 
an XX chromosomal constitution and testes-like gonads with apparently normal 
seminiferous tubules. It is only 20 years later that another familial case was identified, 
belonging to a pedigree where interestingly two other sporadic independent cases 
were noticed [Melniczek et al.,1999]. In this pedigree, an autosomal recessive 
transmission was supposed. Noteworthy, most of these cases have been described 
before the discovery of the SRY gene, and thus, we cannot exclude that some of 
them were SRY-positive. By 2012, 29 new cases of SRY-negative XX male dogs 
were described in an exhaustive review [Meyers-Wallen et al., 2012], followed by 
seven other reports of XX dogs with testicular or ovo-testicular DSD [Marcinkowska-
Swojak et al., 2015; Salamon et al., 2015; Pérez-Gutiérrez et al., 2015; Del Carro et 
al., 2014; Rossi et al., 2014; Groppetti et al., 2012; Max et al., 2011]. Notably, many 
investigations have been conducted on a large American Cocker Spaniel pedigree 
[Meyers-Wellen, 1999]. The analyses (i) confirmed the absence of the SRY gene, (ii) 
ruled out several sex reversal candidate genes [Kothapalli et al., 2003, 2004, 2005, 
2006; Pujar et al., 2005] and iii) identified by a linkage analysis a candidate region on 
the canine chromosome Cfa29 [Pujar et al., 2007]. Unfortunately, further 
investigations were unable to identify the causative mutation in this genomic region. 
Searching for mutation on RSPO1 gene in a single case was not conclusive [De 
Lorenzi et al., 2008]. The occurrence of a Robertsonian translocation involving Cfa5 
and Cfa23 in an XX sex reversed dog [Switonski et al., 2011] suggested that another 
genetic factor responsible for this phenotype was located on Cfa23, as this 
chromosome carries three important genes involved in sex determination (FOXL2, 
PISRT1 and CTNNB1). More recently it has been shown that a duplication covering 
the whole SOX9 open reading frame as well as a large part of the 5’ region was 
responsible for XX sex reversal in dogs [Rossi et al., 2014, 2015]. Duplication of 
Sox9 is thus the only causative mutation for XX sex reversal in dogs identified so far, 
13 
 
but it is certainly not the only one as many other cases do not carry this duplication 
[Marcinkowska-Swojak et al., 2015; Szczerbal et al., 2016]. 
From an anatomical point of view, XX sex reversed dogs show a wide variability. 
About 90% of cases occur with bilateral ovotestes and the remaining 10% with 
bilateral testes (Fig. 1). Furthermore, some rare reports concern ovary/ovotestis and 
testis/ovotestis. Finally, regarding masculinization of internal and external genitalia, 
their degree of masculinization is fully related to the portions of testicular tissue, as 
also demonstrated in XX sex reversed specimens from other mammalian species. 
 
 4.2 - XX sex reversal in pigs 
Sex reversed pigs, also called "intersexes" in the past, have generally been 
characterized as male pseudo-hermaphrodites having testis-like gonads, Müllerian 
and Wolffian duct derivatives and male accessory sexual glands exhibiting various 
degrees of development [Backstrom and Henricson, 1971; Hunter et al., 1982]. True 
hermaphrodites with both male and female gonadal tissue have also been described 
[Hunter et al., 1985] and also rare fertile female cases harboring one normal ovary on 
one side and an ovotestis on the other side [Hulland, 1964]. In most cases, sex 
reversed pigs have a female karyotype, showing a 38,XX chromosomal constitution 
[McFeely et al., 1967]. At slaughter, the frequency of intersexuality ranges from 0.1 to 
0.6% in pigs of different breeds [Koch, 1963]. In a large study in Holland, Breeuwsma 
found 0.4% intersexes [Breeuwsma, 1971]. The clinical frequency (0.2%) observed in 
breeding herds is probably an underestimation of the real frequency since the 
diagnosis of true hermaphroditism is difficult to ascertain because many cases 
present a normal female external genitalia. Economic losses due to intersexuality are 
significant and result from sterility, genital infections reducing growth and viability and 
downgrading of carcasses because of sexual odor. 
Since 1992, we have carried out specific studies on pig sex reversal that we will 
shortly resume thereafter in order to propose a personal analysis. These studies 
have used an experimental pig unit of INRA where 4 lines of pigs have been crossed 
altogether since 1988 for genetic selection of 4 different traits (the founder population 
of this herd was of 42 related sows and 19 none-related boars). Intersex animals 
were detected as of the fourth generation at a frequency of ~1% and our study was 
carried out on a 6 years period (1992-1997). We firstly autopsied ~30 sex reversed 
adults and we kept their parents alive in order to isolate and breed them separately 
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(creation of an "Intersex" line). All piglets from this "Intersex line" were autopsied at 5-
weeks after birth allowing to observe another 30 sex reversed familial cases 
[Pailhoux et al., 1997]. SRY gene detection was carried out on all sex reversed cases 
and only 3 were found positive among the 30 sporadic cases, showing that a small 
proportion (~10%) of sporadic sex reversed pigs is due to a 38XX, 38XY chimerism 
or mosaicism (2 cases on 30) or to the abnormal presence of SRY into a 38,XX 
genome (1 case on 30) [Pailhoux et al., 1994b; Pailhoux et al., 1997]. As expected all 
familial cases harbored a pure female 38,XX genotype, without SRY. Phenotypically, 
all the 57 cases studied ranged from true hermaphrodite (48%) to males with (50%) 
and without (2%) ambiguities. True hermaphrodites with both testicular and ovarian 
tissue in the same animal or in the same gonad have been observed and rare cases 
(n=3) of pregnancy in these hermaphrodite sows have been obtained; especially in 
animals having one normal ovary and an ovotestis, female fertility has been restored 
after surgically removing the sex reversed gonad [Pailhoux et al., 1997]. 
By the past, several authors have presented evidences that pig sex reversal may be 
inherited [Koch et al., 1957; Breeuwsma, 1971] since certain boars produce a 
relatively high incidence of intersexes in their offspring. Sittman and collaborators 
favored the hypothesis of recessive sex reversal genes at very few loci [Sittman et 
al., 1980] whilst Johnston and collaborators argued that a single recessive gene is 
the genetic basis of the defect [Johnston et al., 1958]. Moreover, the existence of 
crossbred intersexes suggests that the mutation giving rise to intersexuality is the 
same in several European breeds of pigs [Sittman et al., 1980]. At the end of our 
INRA's study, we observed frequencies of 17% of XX sex reversed cases on all 
38,XX animals (23/135) in crosses with unaffected sows and 29% (9/31) in crosses 
with affected (fertile XX true hermaphrodites) mothers ([Pailhoux et al., 1997] and 
unpublished observations). The fact that the frequency shows a twofold increase 
when the mother is affected argues toward a monogenic recessive mode of 
inheritance, but the observed frequencies (17% and 29%) were found statistically 
different from the expected ones (25% and 50%). Thus, if XX sex reversal in pigs has 
a monogenic recessive mode of inheritance, the penetrance of the trait is incomplete 
(i.e.: some cases remaining as normal females even with a homozygous mutated 
genotype). Interestingly, more than 10 years later and thanks to the development of a 
commercial porcine high throughput SNP60 BeadChip, XX sex reversal in pigs was 
mapped on porcine chromosome 12 onto the SOX9 locus [Rousseau et al., 2013]. In 
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this recent study, familial cases from the INRA's study have been genotyped with 
other 26 half/full-sib families collected between 2006 and 2010 from the Large-White 
population of some French breeding companies. Despite the large familial system 
comprising 89 sex reversal cases from two different origins (INRA's study and 26 
unrelated half/full-sib families), no genome-association could be found when both 
populations were studied independently. But a unique strong association with the 
SOX9 locus was revealed when both populations were analyzed as a pooled 
population. In other word, the association between sex reversal in pigs and the SOX9 
gene was only highlighted with more than 80 affected cases, that is very surprising 
when compared with some "real monogenic" recessive traits mapped by using very 
few affected animals (from 3 to 12, depending on the disease) [Charlier et al., 2008]. 
Agreeing with this supposed complexity of the mode of inheritance, no single 
homozygous chromosome segment could be identified among the affected piglets of 
the design, and numerous haplotypes seem to be linked with the XX sex reversal trait 
even if three of them were found associated at a frequency of ~64% [Rousseau et al., 
2013]. Two hypotheses could explain this situation, (i) the mutation is very ancient 
and has invaded different haplotypes; (ii) or there are different mutations of the same 
SOX9 locus leading to a sex reversal phenotype. The fact that, to our knowledge, XX 
sex reversal has never been described in wild boar argued against the first 
hypothesis. Moreover, an 18-bp indel has been recently described in the 5'-
untranslated region of the SOX9 gene in pigs [Brenig et al., 2015]. This 18-bp 
fragment contains a well-conserved cAMP-responsive element (CRE) and in vitro 
experiments demonstrate that the deletion of these 18 base pairs decreased SOX9 
transcriptional and translational activities [Brenig et al., 2015]. Consequently, the 
presence or not of this 18-bp element into an haplotype which harbors another 
regulatory mutation enhancing SOX9 up-regulation in XX gonads, could explained 
why XX pigs could be sex reversed or not even if they carried an apparently 
equivalent haplotype. 
In conclusion, it seems that XX sex reversal in pigs is linked to an abnormal up-
regulation of SOX9 during the ovarian differentiation process. The developmental 
stage where SOX9 up-regulation occurs seems to be variable and could account for 
the huge variability of observed phenotypes. Indeed, the fact that some XX males 
with no internal nor external genital ambiguities were observed suggests that, in 
some cases, SOX9 up-regulation occurred as early as when gonads start to 
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differentiate. By contrast, when we produced XX sex reversed fetuses at 50 and 70 
dpc from the genitors of the "Intersex" line at INRA [Pailhoux et al., 2001a], we 
noticed a frequency of only 4% of sex reversed fetuses among 38,XX ones, while the 
same genitors produced at least 17% of affected 5-weeks old piglets, suggesting that 
most of cases initiate the sex reversal process, and thus SOX9 up-regulation, after 
mid-gestation; so more than one month after the crucial stage of gonadal 
differentiation, that is 28 dpc in the pig species [Parma et al., 1999]. In addition to the 
developmental stage, several evidences suggest that different SOX9 regulatory 
mutations may be involved in the occurrence of this pathology. If true, the 
combination of these different mutations could also explain the huge phenotypic 
variability of this trait. SOX9 gain-of-function mutations have already been shown to 
be responsible for XX sex reversal in dogs and humans [Rossi et al., 2014]. In 
humans, the duplication of a 42-kb region named RevSex and located ~600kb 
upstream SOX9 has been involved in XX sex reversal [Hyon et al., 2015]. It will be 
thus very interesting to study the pig RevSex equivalent region in order to determine 
if some genetic variations of this region could be linked with sex reversal haplotypes 
in pigs. 
 
 4.3 - XX sex reversal in goats 
XX sex reversal in goats has been studied for a long time. The first reports are from 
the end of the nineteenth century but before 1944, XX sex reversal was studied 
independently from the polled phenotype (e.g. [Petit, 1894]). A crucial step was 
reached with the discovery that the same dominant mutation named "P" for "Polled" 
is a pleiotropic one, responsible for (i) an absence of horns in both sexes since one 
mutated allele is present (dominant trait; "Pp"), and (ii) a female-to-male sex reversal 
limited to XX animals homozygous for the mutated allele (recessive trait, XX 
"PP")[Asdell, 1944]. Following Asdell's hypothesis, intersexes and sterile males have 
been counted as XX animals and the sex-ratio (from crosses using two Pp parents), 
that was biased in favor of supposed XY before, then remained biased in favor of 
supposed XX [Brandsch, 1959]. This was due to the fact that ~80% of XY "PP" males 
are also infertile due to epididymal obstructions [Soller et al., 1963]. Finally, 
cytogenetic studies later revealed that the sex-ratio remains at equilibrium. Karyotype 
analyses thus confirmed that intersexes and sterile males with testicular hypoplasia 
were XX "PP", and sterile males with a normal testicular volume were XY "PP" [Soller 
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et al., 1969]. During the 1960s, it has also been shown that polled "Pp" females have 
a higher prolificacy (6–7%) compared to horned "pp" females [Soller and Kempenich, 
1964; Ricordeau, 1969], while "PP" XY males (when fertile) are more prolific (8%) 
than "Pp" or "pp" males [Ricordeau, 1969]. This reproductive advantage for some 
animals bearing the P allele, while homozygous “PP” XX individuals are sex reversed 
and completely infertile, may explain why this mutation has been maintained in goats, 
even if it couldn't be fixed (fixation that has been attempted by artificial selection in 
some European countries at the beginning of the 20th for fixing the polled trait in goat 
herds). 
The demonstration that SRY is the TDF in the 1990s [Sinclair et al., 1990] and the 
advent of micro-satellite genetic markers permitting construction of genetic maps, 
encouraged us to re-analyze this goat pathology to characterize the causal mutation. 
In a first step, we and others demonstrated that XX sex reversed goats do not harbor 
SRY in their genome [Pailhoux et al., 1994a; Just et al., 1994]. Then, by developing 
genetic markers in goats we mapped the "P" mutation on goat chromosome 1q41-
q45 in a region corresponding to human chromosome 3q23 that encompass the 
Blepharophimosis Ptosis Epicanthus-inversus Syndrome (BPES, MIM #110100); a 
human disease affecting ovarian function also associated with cranio-facial 
malformations [Vaiman et al., 1996; Vaiman et al., 1999; Schibler et al., 2000; 
Crisponi et al., 2001]. The "P" mutation has since been renamed PIS for Polled 
Intersex Syndrome [Vaiman et al., 1996]. PIS was then identified as an 11.7 kb 
deletion located in a gene-desert region 300 kb upstream of the FOXL2 gene 
[Pailhoux et al., 2001b], previously shown (on the same 2001 year) to be responsible 
for BPES [Crisponi et al., 2001]. The PIS mutation is a regulatory one, affecting the 
transcriptional expression of FOXL2 and three long non-coding RNAs (PISRT1, 
PISRT2 and PFOXic) [Pailhoux et al., 2001b; Pannetier et al., 2012] (Fig. 2A). 
Moreover, the transcriptional effects of the PIS mutation depend on the considered 
tissue, i.e., transcriptional silencing in XX gonads; transcriptional enhancing in 
developing horn buds and more generally in the cephalic skin [Pailhoux et al., 
2001b]. Whatever the considered tissue, the four genes sensible to PIS (FOXL2, 
PFOXic, PISRT1, PISRT2) were found to be co-regulated, all four silenced in the 
gonads and all four up-regulated in the cephalic skin. Accumulating evidence seem 
to demonstrate that the 3 lncRNAs are all involved in a complex regulation of the 
FOXL2 gene with (i) PISRT1 and PISRT2 acting at ~300 kb upstream of FOXL2 and 
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probably involved in the primary expression of FOXL2 by a close cooperation with the 
proximal FOXL2 promoter [Boulanger et al., 2008; D'Haene et al., 2009; Pannetier et 
al., 2012]; and (ii) PFOXic, that should be viewed as a "transcriptional relic" arising 
from the bi-directional FOXL2 promoter, itself involved in the FOXL2 proximal 
regulation [Pannetier et al., 2005] (Fig. 2B). In the future, the complexity of FOXL2 
gene regulation should be deciphered in order to unravel unexplained cases of sex 
reversal especially in humans. Indeed, one could imagine mutational events in 
ovarian FOXL2-regulators abolishing FOXL2 primary up-regulation specifically in the 
XX gonad, leading only to testis differentiation and thus to non-syndromic XX sex 
reversal. 
Following the discovery that the PIS mutation was responsible for XX sex reversal in 
goats [Pailhoux et al., 2001b], two Foxl2 KO mouse lines have been engineered 
independently [Schmidt et al., 2004; Uda et al., 2004] showing that, similarly with 
FOXL2+/- BPES type I patients, Foxl2-/- mice have no eyelids (instead of eyelids 
malformations) and a blockage of ovarian primary follicle formation (instead of 
primary ovarian insufficiency in humans). During many years, we tried to understand 
why FOXL2/Foxl2 ovarian loss-of-function leads to folliculogenesis arrest in mice and 
to XX sex reversal in goats. In other words, why Foxl2 is not involved in early ovarian 
differentiation in mice even if FOXL2 primary expression occurs as early as 12.0 
dpc? After having incriminated the putative involvement of the three lncRNAs in 
addition to FOXL2, we finally demonstrate that FOXL2 loss-of-function alone (i.e., 
independently of the lncRNAs) leads to XX sex reversal in goats (by contrast with 
mice) associated with an absence of eyelids development as described for mice 
[Boulanger et al., 2014]. Finally, following the demonstration that XX sex reversal in 
PIS-/- animals is indeed a consequence of FOXL2 disruption, we look for early 
ovarian FOXL2 target genes by sequencing the transcriptome of early-differentiating 
ovaries with (XX PIS+/+) or without (XX PIS-/-) FOXL2 [Elzaiat et al., 2014]. According 
to these transcriptomic analyses, we demonstrated that FOXL2 normally represses 
the DMRT1 gene in early developing ovaries, thus avoiding SOX9 up-regulation and 
testis differentiation. This feature of the female pathway also has impact on the male 
counterpart where DMRT1 seems required for SOX9 up-regulation in goats [Elzaiat 
et al; 2014], which contrasts with what is found in mice [Sekido and Lovell-Badge, 
2008]. Moreover, in the goat species, SRY is predicted to be involved in testicular 
maintenance by repressing FOXL2 during all the life in the Sertoli cells in order to 
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protect them from trans-differentiation [Montazer-Torbati et al., 2010; Elzaiat et al., 
2014]. In summary, all results obtained in goats lead us to propose a sex-determining 
model that differs from the model currently admitted for mice (Fig. 3). Future studies 
will endeavor to demonstrate this model and to test its veracity on different non-
rodent mammalian species. 
 
 4.4 - XX sex reversal in other species 
More than 20 years ago, an XX sex reversed llama (Lama glama) with gonads 
entirely composed of testicular tissue was reported, but without information on the 
presence or absence of the SRY gene; thus we cannot exclude an XX SRY-positive 
case [Wilker et al., 1994]. Five years later, another llama was characterized with an 
XX karyotype, absence of SRY gene (tested by PCR) and partially masculinized 
external genitalia. However, the histological analysis of the gonad revealed only 
ovarian tissue, without any evidence of testicular tissue [Drew et al., 1999]. 
Consequently, this subject cannot be termed as XX sex reversed. 
Horses are also regularly described with XX sex reversal syndrome, but phenotypes 
can be variable: a Sry-negative with bilateral ovotestes [Meyers-Wallen et al., 1997], 
a Sry-negative with hypoplastic ovotestes [Bannasch et al., 2007], and a Sry-negative 
with a normal-sized left ovary and a testis-like right gonad [Bodvarsdottir et al., 2009]. 
More recently, six new cases of XX sex reversed SRY-negative horses were reported 
[Villagomez et al., 2011]. For three of them, there is no information about the gonads’ 
structure, two possessed bilateral ovotestes and the last one showed hypoplastic 
retained testicles. The last report concerns a Sry-negative with two bilateral 
ovotestes. In this case, the RSPO1 coding region was also sequenced but no 
causative mutation was identified [Ciotola et al., 2012]. 
In 2009, a roe deer (Capreolus capreolus) was identified with an abnormal sexual 
development [Pajares et al., 2009]. Even if no cytogenetic analysis was performed, a 
PCR test excluded the presence of the SRY gene, and the histological examination 
of the gonad revealed the clear presence of testicular tissue in an ovotestis context. 
More recently, another interesting case of XX sex reversed roe deer was reported 
[Kropatsch et al., 2013]. This animal possessed two abdominal testes but no 
evidence of SRY and another Y-linked gene, AMEL-Y, was detectable by PCR. Using 
a whole genome sequencing approach, authors could identify 42 genetic variations in 
several genes previously shown to be involved in sex determination (AR, DMRT1, 
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FGF9, FOXL2, RSPO1, SOX3, SOX9, SOX10 and WT1), but none was clearly 
established to be responsible for the pathological condition. More interestingly, a 
copy number variation analysis revealed a duplication of the SOX9 locus that 
included not only the coding region but also about 1 Mb of the 5’-upstream region 
and 1,5 Mb of the 3’-downstream region. In humans, SOX9 duplications have already 
been identified as a causative mutation for XX sex reversal, but most of these 
duplications are relegated in the 5’-upstream region of SOX9 [Vetro et al., 2015], only 
one case concerns a duplication of the SOX9 coding region [Huang et al., 1999]. 
 
 
5 - XX sex reversal in mammals following evolution of unusual sex 
determination systems 
In mammals, atypical sex determination systems with XX sex reversal are even rarer 
than XY sex reversal ones. They are only known from three species of the same 
genus: the mole voles Ellobius (Arvicolinae, Rodentia). This genus probably exhibits 
the weirdest sex determination systems, described for the first time by Matthey in 
1953. It comprises five species: E. lutescens which has an odd karyotype (2n = 17) 
identical in males and females with only one X chromosome (X0/X0), E. tancrei, E. 
talpinus and E. alaicus with also an indistinguishable karyotype between males and 
females, but this time with two Xs in both sexes (males being sex reversed XX), and 
finally E. fuscocapillus that retains a standard XX/XY sex chromosome system (e.g. 
[Kolomiets et al., 1991; Vogel et al., 1998; Just et al., 2002, 2007]). Hence the four 
former species lack the Y chromosome, and even the Sry gene [Just et al., 1995]. No 
other Y-born genes have been found in the genome, meaning that the Y 
chromosome has completely disappeared [Vogel et al., 1998; Just et al., 2002]. 
Tokudaia osimensis, a spiny rat from a remote Japanese island, has also a sex 
determination system similar to that of Ellobius lutescens (X0/X0), but in this case, at 
least four original Y-linked genes, Zfy, Tspy, Eif2s3Y and Kdm5d (but not Sry) were 
translocated to the X chromosome [Arakawa et al., 2002; Kuroiwa et al., 2010]. In 
Ellobius, in the absence of Sry, other genes having a role in the mammalian sex 
determining pathway, and known to be involved in XX sex reversal in humans or 
mammalian models, have been investigated to identify the gene that has replaced 
Sry, and became the new TDF. So far, all candidate genes analyzed by segregation 
analysis (i.e., Sf1, Dax1, Dmrt1, Sox9, Sox3, Foxl2, Pisrt1) have been excluded, 
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notwithstanding their role in gonad differentiation [Baumstark et al., 2001, 2005; Just 
et al., 2002, 2007]. Another candidate to test is Cbx2, a gene member of the 
mammalian Polycomb group which acts upstream of Sry and represses the ovarian 
development. Even if the loss-of-function mutations in Cbx2 cause the opposite sex 
reversal pattern, i.e., XY females [Katoh-Fukui et al., 1998; Biason-Lauber et al., 
2009], in the other species with a Sry-independent sex determining program, 
Tokudaia osimensis, additional copies have been detected in X0 males compared to 
X0 females, suggesting that differences in gene dosage might determine the 
development fate of the undifferentiated gonads in this species [Kuroiwa et al., 2011]. 
Interestingly, some authors have sequenced the cis-regulatory element of Sox9, 
named TESCO (for testis-specific enhancer of Sox9 core), which is synergistically 
activated by Sry and Sf1 in different species of Ellobius. They found that all species 
of the genus display a 14-bp deletion that increases activity of TESCO in HEK293T 
cells (via generation of new transcription factor binding sites). They proposed a 
model whereby the deletion may have triggered upregulation of Sox9 in XX gonads 
leading to destabilization of the XX/XY sex determination system that has facilitated 
the evolution of Sry-independent sex determination mechanisms in some Ellobius 
species [Bagheri-Fam et al., 2012]. The novel TDF in Ellobius still remains to be 
identified. 
Finally, the last case is unique among mammals despite a typical XX/XY sex 
determination system. It does not concern XX sex reversal, but a constitutive 
hermaphroditism. In the European mole species of the genus Talpa, and in some 
other talpid species from Europe, North America and Asia, all XX female gonads 
develop as ovotestes in the absence of a Y chromosome [Jimenez et al., 1993; 
Sanchez et al., 1996; Rubenstein et al., 2003; Carmona et al., 2008]. The ovotestes 
are composed of a small portion of histologically normal ovarian tissue, and of 
dysgenic testicular tissue (variable in size, but generally large). The ovarian portion 
contains follicles and represents the fertile component of the gonad, but its 
development is unusual since meiosis is initiated postnatally [Zurita et al., 2007]. The 
testicular portion contains no germ cells, numerous testis cord-like structures with 
resembling immature Sertoli cells but that do not produce AMH or SOX9, and 
abundant Leydig cells producing high levels of testosterone [Barrionuevo et al., 2004; 
Carmona et al., 2009]. The sexual tract has some male features such as rudimentary 
epididymides and peniform clitoris, but the rest of the tract is typically female 
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[Jimenez et al., 1993; Beolchini et al., 2000]. A time-course description of male and 
female gonad organogenesis in Talpa was reported by [Barrionuevo et al., 2004]. 
Additionally, two sex reversed XX males of the Iberian mole Talpa occidentalis were 
identified along normal XY males and “normal” XX females with ovotestes [Jimenez 
et al., 1988]. But no other XX males have been found since then, suggesting that 
these two males must refer to an exceptional familial case of complete sex reversal 
according to the authors.  
 
 
6 - Conclusion 
As in humans, different sex reversal conditions have been described in a broad 
range of mammalian species. Even if numerous cases have been described by the 
past, the number of cases will certainly increase in the future as a consequence of 
genomic selection [Georges, 2001]. Indeed, a higher number of farm mammals will 
be genotyped in the future, allowing a growing detection of individuals showing 
discrepancies between their genotyped sex chromosome complement and their 
morphological sex. Sex reversal mostly occurs following mutational events and 
studying sex reversed animals should help to decipher the genetic cascades 
underlying gonadal differentiation in both sexes. However in rare cases, in wild 
mammals, the sex reversal condition seems to be stable, "fixed" by natural selection. 
How to explain that sex reversal, leading mainly to infertility in domestic mammals as 
in humans, could become the norm in some species? 
As previously stated, a deletion or mutation of SRY leads to male-to-female sex 
reversal with extremely divergent gonadal phenotypes between species, and to a 
lesser extent, among conspecifics as well. Indeed, the range of phenotypes extends 
from an absence of gonads (gonad dysgenesis/agenesis as illustrated in humans) to 
normal ovarian development associated with sub-fertile condition as described in the 
laboratory mouse, to even super-fertile females like in the African pygmy mouse. The 
XY del/mut-SRY condition remains highly similar to the X0 condition (X monosomy 
condition, Turner's syndrome). Consequently, one could predict that haplo-
insufficiency of one or several X-linked genes is incompatible with ovarian 
development in some mammalian species. In other words, at least one or more X-
linked genes escaping X-inactivation is/are crucial, at a double dose, for proper 
ovarian differentiation. It is thus not surprising to observe a huge variability of gonadal 
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phenotypes in XY del/mut-SRY condition, according to the fact that (i) the genes 
escaping X-inactivation are not the same in the different mammalian species; (ii) the 
number of these genes are different depending of the species [Berletch et al., 2011]; 
(iii) some X-linked genes show an heterogeneous pattern of inactivation and are thus 
expressed to different extents between organs and females [Carrel and Willard, 
2005]; and (iv) some X-linked genes have orthologous autosomal copies in some 
species and consequently could compensate for X-linked gene haplo-insufficiency. 
Interestingly, in human, where no less than 15% of the X-linked genes escape 
inactivation (i.e., the two copies are required) and an additional 10% shows a variable 
inactivation pattern [Carrel and Willard, 2005], all XY del/mut-SRY or X0 genotypes 
induce gonad dysgenesis, associated with other physical anomalies. While, in the 
mouse Mus musculus, only 3% escape inactivation [Yang et al., 2010; Berletch et al., 
2010], and most of the X0 females are sub-fertile and present very few abnormal 
phenotypes [Deckers et al., 1981; Burgoyne et al., 1983]. Hence, one could 
hypothesize that these striking differences may explain why unusual sex 
determination systems have been found only in rodents (in addition of being the most 
speciose group of mammals). The almost complete inactivation process of the rodent 
X chromosome allows tolerating monosomies without complications, as shown by the 
fertile XY females found in the pygmy mouse, two species of lemmings and in 
Akodon, and by the X0 condition in Ellobius lutescens or Microtus oregoni (Table 1). 
At the opposite, XX males in mammals (including human) are always sterile, 
regardless the underlying genetic cause of the sex reversal. This is due to the fact 
that the very few genes that remain on the mammalian Y chromosome are highly 
specialized in reproduction and spermatogenesis-related functions [Graves, 2006; 
Hughes et al., 2010; Yamauchi et al., 2014]. Hence the absence of the Y 
chromosome precludes the development of mature sperm and normal fertilization. 
However, one group of species, the mole voles Ellobius, proves us wrong as it 
managed to loss the entire Y chromosome without having affected reproduction and 
maleness. This surely must have happened in stages, in which sex and 
spermatogenesis genes were lost and each function replaced by other genes in the 
genome. Interestingly, a recent study demonstrated that it is possible to bypass the 
requirement for the mouse Y chromosome in male assisted reproduction, by 
replacing Sry by transgenic activation of its downstream autosomal target Sox9, and 
Eif2s3y by transgenic overexpression of its X-linked homolog Eif2s3x [Yamauchi et 
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al., 2016]. Identifying the new sex determining gene in these Y-less mole voles would 
undoubtedly provide a better understanding of the mammalian sex determination 
program. Likewise, all cases of sporadic sex reversal in domestic animals and of sex 
reversal evolution in rodent species offer as many opportunities to unravel new gene 
interactions underlying gonad development. 
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Figure Legends 
 
Fig. 1. Gonad and internal genitalia of an hermaphrodite XX sex reversed dog. 
A Gonadal histology showing peripherally located ovarian follicles (OF) whereas the 
major internal part of the gonad is occupied by testicular tissue (TT) without germ 
cells (Sertoli cell only). B Internal genital tract histology showing either female 
derivative as uterine horn (UH) and male derivative as vas deferens (VD). Both ducts 
are included within a unique connective envelope. Scale bars: 1000µm. 
 
Fig. 2. Schematic representation of the PIS (Polled Intersex Syndrome) locus in 
goats. A The PIS locus is delimited by two genes, MRPS22 on the left and PIK3CB 
on the right. It encompasses the PIS 11.7 kb deletion (red bar) and four PIS-sensible 
genes PISRT1, PISRT2, PFOXic and FOXL2. PISRT2 are uncharacterized 
transcripts corresponding to an active transcriptional activity on a ~100 kb region 
upstream of PISRT1. The sense of gene transcription is indicated by arrows. Green 
and red rectangles represent exonic parts of the genes (green: non coding exons; 
red: coding exon). B Working model of the PIS locus assuming that all three non-
coding genes are linked to FOXL2 distal (PISRT1, PISRT2) or proximal (PFOXic) 
transcriptional regulation. Transcriptional activation of the distal region (PISRT1, 
PISRT2) via conserved elements (CE) is supposed to be the primarily event (1) 
leading to FOXL2 transcription (2) by DNA-looping and cooperative interaction 
between distal and proximal transcription factors. Once FOXL2 remains activated, its 
level of expression could be finely tuned thanks to the proximal bidirectional promoter 
(3) that transcribed PFOXic in the opposite orientation of FOXL2 when FOXL2 
transcription should be limited. 
 
Fig. 3. A genetic model for gonadal differentiation in goats. In an XX context without 
SRY (right column), FOXL2 inhibits DMRT1 thus avoiding SOX9 up-regulation. Both 
FOXL2 and RSPO1/WNT4/CTNNB1 pathways trigger ovarian differentiation. In XY 
(left column), SRY inhibits FOXL2 thus permitting DMRT1 expression that represents 
a pre-requisite for SOX9 up-regulation in synergy with SF1 and SRY itself. SOX9 up-
regulation then leads to downregulation of the CTNNB1 pathway, and to testis 
differentiation.
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Table 1: List of mammalian species with unusual sex determination systems. 
  
Female sex 
chromosomes  
Male sex 
chromosomes  References 
   XY sex reversal 
      
 
Wood Lemming Myopus schisticolor (Arvicolinae) XX, XX*, X*Ya XY 
[Fredga et al., 1976; reviewed in Fredga 1988, 
1994] 
 
Collared Lemming Dicrostonyx torquatus (Arvicolinae) XX, XX*, X*Ya XY 
[reviewed in Fredga 1983, 1988, 
1994] 
 
 
South American field mice Akodon sp., 9 species (Sigmodontinae) XX, XX*, X*Ya XY [reviewed in Bianchi, 2002] 
 
 
African pygmy mouse Mus minutoides (Murinae) XX, XX*, X*Ya XY [Veyrunes et al., 2010] 
  XX sex reversal 
      
 
Mole voles Ellobius tancrei, E. talpinus, E. alaicus (Arvicolinae) XX XX [reviewed in Just et al., 2007] 
 other systems 
      
 
Mole vole Ellobius lutescens (Arvicolinae) X0 X0 [Matthey, 1953; Just et al., 1995, 2002, 2007] 
 
Ryukyu spiny rats Tokudaia osimensis, T.  tokunoshimensis 
(Murinae) X0 X0 
[Arakawa et al., 2002; Kuroiwa et al., 2010, 
2011] 
 
Creeping vole Microtus oregoni (Arvicolinae) X0 XY [reviewed in Fredga 1983,1994] 
 
 
Mandarin vole Microtus mandarinus (Arvicolinae) XX, X0b XYc [Chen et al., 2008] 
  
 
Ngurui spiny mouse Acomys ngurui (Deomyinae) 
 XX/X0 
mosaicd 
 XY/X0 
mosaicd [Castiglia et al., 2007] 
  
        
        
 
a large proportion of the females are X*Y (the asterisks designates a still unknown sex reversal mutation on the X chromosome), the other females 
are XX or XX* 
 
b females are XX or X0 
      
 
c males are XY, but the Sry gene is apparently absent 
      
 
d females have an excess of X0 somatic cells (97%), while males are mosaic X0 or XY in somatic cells, and only XY in the germinal 
lineage 
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Fig. 1. « Sex-reversal in placental mammals »; Parma, Veyrunes, Pailhoux.
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Fig. 2. « Sex-reversal in placental mammals »; Parma, Veyrunes, Pailhoux.
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